The characteristics of the southwest monsoon (SWM) rainfall over Myanmar were studied using APHRODITE gridded daily rainfall datasets for the period 1951-2010. Myanmar, being an agrarian economy, is predominantly dependent on the SWM rainfall. The spatial distribution of rainfall (rainy days) has shown higher rainfall of 2,000 mm (>140 rainy days) over southwest parts, rainfall of 1,000 mm (100-120 days) over north and eastern parts and an arid zone with rainfall of less than approximately 500 mm (<80 days) over west central parts, all indicating earlier onset over the southwest and late onset over the northeast. Analysis of the rainfall and rainy days between the two 30 year periods 1951-1980 and 1981-2010 representative of the pre-global warming and global warming periods showed a reduction of rainfall by 100 mm and 5-10 rainy days during the later period of global warming. The Climate Research Unit and Global Precipitation Climatology Project rainfall datasets and the Geophysical Fluid Dynamics Laboratory Earth System global model simulated rainfall data for the current climate period exhibited a similar decline of SWM rainfall over major parts of Myanmar. The results indicated a 20% reduction in the mean westerly strength over south Myanmar in the global warming period, which was related to a decrease of the meridional gradient of sea surface temperatures over the Bay of Bengal. This study establishes two distinct rainfall zones in the southwest and northeast over Myanmar and a reduction of rainfall in the recent global warming period that will lead to a reduction in agriculture production.
| INTRODUCTION
Myanmar is the largest country in Southeast Asia, located in the northwest part of Indochina embedded between India, Bangladesh, China and Thailand, and with the Bay of Bengal at its southwest coast (Figure 1 ). It has an areal extent of 678,500 km 2 with a population of about 47 million. Myanmar experiences a typical monsoon climate, with the occurrence of the southwest monsoon (SWM) from May through October and the northeast monsoon from November through April. The mean annual rainfall of Myanmar is about 2,400 mm, of which about 90% occurs during the SWM season (Union of Myanmar, 2005) . Rainfall, which denotes the essential feature of a monsoon climate, has significant impact on agricultural production and water resource management. Agriculture in Myanmar, accounting for 60% of gross domestic product, is mainly dependent on SWM rainfall which is the primary water source. So far, the scientific literature concerning the SWM rainfall has been mostly confined to the Indian subcontinent and is limited for Myanmar. The characteristics of rainfall over Myanmar are likely to be different from India due to its geographical location influenced by the climates of China, Thailand and other Indochina regions. The occurrence of rainfall over Myanmar is influenced by its orography with north-south oriented mountain ranges on the west and east, which have elevations with an average height of 2,000 m on the west and an average elevation of about 1,000 m towards the east with a valley in between the two mountain ranges (Union of Myanmar, 2005) . The SWM rainfall is maximum (~4,300 mm) over the southwest coastal region and minimum (~1,000 mm) over central and eastern parts of Myanmar.
Although the SWM is an important feature in the climate of Myanmar, research investigations are limited. Eguchi (1996) studied 10 day rainfall data for the period 1951-1979 over Myanmar and reported significant differences in SWM rainfall with the occurrence of higher (lower) rainfall on the windward (lee) side of SWM westerlies whereas the spatial differences were small during the onset and withdrawal phases. Matsumoto (1997) was the first to highlight the importance of a rationalistic basis of the consideration of pentad rainfall for determination of the dates of onset and withdrawal of the SWM over the Indochina peninsula F I G U R E 1 Geographical and topography map of Myanmar. Locations of observation data stations are marked as red dots compared to the definition applied by the Department of Meteorology and Hydrology, Myanmar, defining the date of onset as the first day of three consecutive rainy days recording daily rainfall of 2.54 mm or more (Aung and Thoung, 1985) . Roy and Kaur (2000) identified homogeneous regions of monsoon rainfall based on monthly rainfall data and a distinctly dry zone over central parts which receives an annual rainfall of less than 680 mm and less than 50 rainy days. Lwin (2002) classified the seasons of Myanmar into five periods: the pre-monsoon season from mid-April to mid-May, the monsoon season from mid-May to mid-October, the post monsoon season from mid-October to end-November, the dry and cool season from end-November to mid-March, and the hot season from mid-March to mid-April. Zhang et al. (2002) and Wang and Ho (2002) have shown that the SWM system over the Indochina peninsula manifests the transitional features of the South Asian and the East Asian monsoon systems. Considering the importance of the onset of the SWM for application to agriculture, a few efforts have been made to establish the dates of onset of the SWM over Myanmar. Htway and Matsumoto (2011) determined the onset dates of the SWM over Myanmar considering the mean pentad rainfall as the criterion for onset using data from 29 stations for the period from 1968 to 2000, which is consistent with the large scale South Asia monsoon system covering India, Indochina and the South China Sea regions. Their study demonstrated that Myanmar could be considered to have two homogeneous rainfall sub-regions south and north, with their onset dates separated by two pentads (10 days), which is in sharp contrast to the use of four sub-regions by the Department of Meteorology and Hydrology, Myanmar (Moe, 2002) .
Rainfall variability over Myanmar has been investigated by a few researchers are provided a good review. Aung and Win (1984) studied rainfall data from 58 stations in Myanmar and inferred that severe drought years correlate with strong El Niño years and are associated with corresponding variations in the semi-permanent synoptic features over Myanmar. In recent years, some research studies have attempted to identify trends in rainfall amounts and intensities in relation to global warming (GW). Goswami et al. (2006) reported that heavy precipitation events over central India during the SWM have increased due to GW. Endo et al. (2009) reported an increasing trend in extreme precipitation events over Southeast Asia in terms of rainfall and the number of wet days. Zhang and Zhou (2011) showed that rainfall had increasing trends during 1901-1955 over India, East Asia and North Africa monsoon land regions and decreasing trends from 1955 to 2008 in the Indian and North Africa monsoon rainfall. Some other studies (Choi et al., 2009; Caesar et al., 2011; Donat et al., 2014) have noted that increasing trends in heavy rainfall events, although present, lack spatial consistency among the Indo-Pacific, Asia-Pacific and Arab regions. Limsakula and Singhruck (2016) noted a decline in the number and increase of intensity of extreme precipitation events over Thailand. They also observed that higher (lower) amounts of rainfall in association with increased (decreased) extreme heavy precipitation events have occurred during the La Niña (El Niño) years and the Pacific Decadal Oscillation cool (warm) phase. Ratna et al. (2016) reported decreasing trends in SWM rainfall (June, July and August) over the Indian subcontinent and adjacent Myanmar, which was attributed to increasing upward motion over the Western Pacific leading to decreasing strength of low-level SWM westerlies and decrease of vertically integrated moisture convergence, both being part of the Western Pacific-Indian Ocean Walker circulation. Zin and Rutten (2017) analysed precipitation data at 82 stations over Myanmar for the period from 1967 to 2015 and their results indicated shrinking of the SWM duration, with delay of the onset and early withdrawal. Rainfall predictions from global model outputs have been validated to improve the understanding of rainfall variability over Myanmar. Joshi and Kar (2016) have assessed medium range rainfall predictions from two global models for the Bay of Bengal Initiative for Multi-Sectoral Technical and Economic Cooperation (BIMSTEC) region that include Myanmar. Pattnayak et al. (2017) analysed rainfall using the Geophysical Fluid Dynamics Laboratory global model for the period 1901-2100, and recorded the spatial distribution of the ensemble mean annual rainfall over the BIMSTEC countries which include Myanmar.
The global average temperature is reported to have increased by 0.6 C (1.1 F) during the 20th century (World Meteorological Organization, 2013) and led to an increase in extreme weather events (IPCC, 2014) . In the scenario of GW, events with higher precipitation rates are expected due to higher moisture holding capacity and a higher degree of atmospheric instability. As the monsoon system is a wind phenomenon that arises basically due to differential heating between the land and ocean (Jeffreys, 1926) , monsoon rainfall is expected to vary with the strength of monsoon winds. Many changes in rainfall events as well as atmospheric circulation patterns were identified in the warming environment (Solomon et al., 2007; Donat et al., 2016) . Chung and Ramanathan (2006) and Naidu et al. (2009) reported that the decrease of meridional sea surface temperature (SST) gradient between north and south over the north Indian Ocean contributes to the decrease of the strength of low level westerlies of the SWM season over the Indian subcontinent, which may also be impacting the SWM rainfall over Myanmar.
The studies attempted so far on the characteristics of the SWM over Myanmar indicate the limitations as they pertain to mainly the onset phase and emphasize the need to extend for the entire monsoon period using more extensive datasets that have become available in recent times. This study has been undertaken to understand the variability of SWM rainfall over Myanmar using the updated rainfall data for the recent 60 year period from 1951 to 2010. In the present study, the spatial distribution of rainfall and the number of rainy days of the SWM are analysed to bring out the characteristics of spatial and temporal variability during each of the 6 months and changes corresponding to the current GW period.
2 | DATA AND METHODOLOGY
| Study area
Since the present study is confined to Myanmar, its geographical map along with topographic features is presented in Figure 1 . Myanmar has mountain areas in the west and north with heights of 1,830-6,100 m, with the country's highest point (Hkakabo Razi, 5,881 m, a part of the Himalayan range) located at the northern end; the Arakan Mountain range (peak height 3,094 m, including the Naga Hills, the Chin Hills and the Patkai range which includes the Lushai Hills) in the west; the Shan Highlands in the east, a plateau with an average height of 910 m extending southward into the Tenasserim Yoma; and a relatively low mountain chain between the Irrawaddy and the Sittaung River in central Myanmar.
| Data
The present study used the following datasets for analysis over Myanmar.
(i) Gridded daily rainfall data at 0.25 resolution from APHRODITE (Asian Precipitation -Highly Resolved Observational Data Integration Towards Evaluation) continental-scale daily product (http://aphrodite.st.hirosakiu.ac.jp/download/). The dataset was derived using the basic algorithm of Xie et al. (2007) taking into account extensive rain gauge observation data from thousands of Asian stations in addition to those reporting to the World Meteorological Organization Global Telecommunications System. Details of the project and the dataset are discussed by Yatagai et al. (2012) . This gridded daily rainfall for the domain 10-29 N, 92-104 E covering the Myanmar region, for the 6 month period from May to October denoting the SWM season for the study period from 1951 to 2010, is used to calculate climatological seasonal and monthly means. Differences in the mean rainfall amounts and rainy days (a "rainy day" is when the 24 hr rainfall is equal to or greater than 1 mm) of the SWM season between the two 30 year periods of 1951-1980 and 1981-2010 were calculated and their significance was tested using the Z statistic.
(ii) Data of mean zonal winds at different grid points for the 850 hPa and 100 hPa levels from the National Centers for Environmental Prediction/National Center for Atmospheric Research reanalysis datasets available at 2.5 resolution (http://www.esrl.noaa.gov/psd/data/gridded/). The spatial distribution of the mean zonal winds, for the SWM season for the period 1951-2010, was computed and analysed for the domain covering 60-120 E, 10 S-40 N. Differences in the mean zonal wind between the pre-global warming (PGW) and GW periods were computed and the differences were tested using the Z statistic for significance. Further, the average values of zonal wind at the 850 hPa level in the SWM season for the box domain 0-5 N, 85-90 E were evaluated for the two 30 year periods and its tendency was assessed.
(iii) Gridded monthly SST data at 2 resolution (http:// www.esrl.noaa.gov/psd/data/gridded/data.noaa.ersst.html) of the Extended Reconstructed Sea Surface Temperature V3b from the International Comprehensive Ocean Atmosphere Data Set. These data were used to calculate the mean SST for the SWM season for two box regions, a north box at 14-19 N, 86-91 E and a south box at 0-5 N, 86-91 E. Differences between the two boxes were examined to assess the trends for the two 30 year periods of PGW and GW.
(iv) Monthly rainfall data for the 10 year period 2001-2010 at six different stations in Myanmar. The locations of the stations are given in Table 1 and are also shown in Figure 1 . These station observations were compared with the APHRODITE gridded rainfall data for validation.
(v) Gridded monthly rainfall data at 0.25 resolution derived from the GFDL-ESM 2G (Geophysical Fluid Dynamics Laboratory Earth System Model) (http://nomads.gfdl.noaa. gov:8080/DataPortal/cmip5.jsp) for the SWM season for the period 1951-2010 were used to compute the means and differences for the two 30 year periods of PGW and GW. These differences were compared with corresponding differences computed using APHRODITE data.
| Methodology
The arithmetic mean (AM) was calculated using the following equation:
The significance of the differences was tested using the Z statistic (Wilks, 2006) :
where X, S and n indicate the mean value, standard deviation and number of observations, respectively, and the suffixes 1 and 2 indicate the first and second samples. If the calculated value is equal to or greater than the Z statistic table value, the difference is significant statistically at that particular level of significance. For the computations in the present study involving 30 year difference data, the calculated value was considered significant at the 10% level if the value was equal to or greater than 1.65.Statistical metrics of bias, mean absolute error (MAE), root mean square error (RMSE) and correlation coefficient (CC) were computed to evaluate the APHRODITE data through comparison with corresponding daily observations. The equations/formulae are as follows (Wilks, 2006) :
where f and o values correspond to APHRODITE data and station observations.
| RESULTS AND DISCUSSION
For the present study, the rainfall climatology over Myanmar was generated using APHRODITE daily rainfall data for the period 1951-2010. APHRODITE rainfall data have been used in several research studies (e.g. Wang et al., 2011; Yasutomi et al., 2011; Lauri et al., 2014; Pai et al., 2014; Yatagai et al., 2014; Satyanrayana and Kar, 2016 
| Spatial distribution of SWM rainfall and rainy days
The spatial distributions of mean SWM seasonal rainfall and the number of rainy days are presented in Figure 2 . The rainfall is maximum along southwest coast regions where the magnitude exceeded 2,000 mm. The rainfall decreases towards the northeast inland region from the southwest coast where the rainfall amount is 1,000-1,500 mm. The rainfall is minimum (500-1,000 mm) over central parts. The region of highest rainfall coincides with the windward side of the prevailing monsoon southwesterlies; this is due to the earlier onset of the SWM over this region by at least 10 days as observed by Htway and Matsumoto (2011) . While this distribution agrees with the earlier studies (Satyanrayana and Kar, 2016) where the distinction of south and north regions was identified, this study brings out an additional feature that the rainfall is maximum over the southwest coastal regions decreasing towards the northeast. A small region at the centre with minimum rainfall of <1,000 mm agrees with the arid zone reported by Roy and Kaur (2000) . The distribution of rainy days is similar to that of rainfall, with the maximum exceeding 140 over the southwest coast coinciding with the region of maximum rainfall. The number of rainy days decreases towards the northeast where the number of rainy days is 100-120. A small region with the minimum of <80 rainy days is found over central parts. Thus, the distributions of rainfall and rainy days match well, indicating a uniform distribution of rainfall over the entire region. 
| Spatial distribution of monthly rainfall and rainy days
The spatial distributions of rainfall for each of the 6 months of the SWM season are shown in Figure 3 .
| Distribution of monthly rainfall
During May, a rainfall maximum of 200-500 mm was observed over a narrow region along the southwest. The rainfall was 100-200 mm over most of Myanmar except for a small minimum of 50-100 mm over west central parts. During June, a small narrow region of maximum rainfall of 500-1,000 mm was observed along the south and west coast and north parts, along with a region of 200-500 mm rainfall extending over to the inland from the west and north parts. A region of lower rainfall of 100-200 mm was noted over central parts and a minimum of 50-100 mm was confined to a small region over the west central parts. During July the rainfall pattern remained the same as June except that both the regions of maximum rainfall along the south and west parts and the region of 100-200 mm over the north and east extended towards the centre, thus reducing the region of minimum rainfall over west central parts but with the minimum of 50-100 mm remaining same. During August, the region of 100-200 mm extended more, covering the whole of Myanmar with the region of minimum rainfall of 50-100 mm reducing further. During September, rainfall was reduced all over Myanmar, with the region of 200-500 mm along the west, the region of 100-200 mm over the east and central parts and a very small region of 50-100 mm confined to west central parts. In October, rainfall all over Myanmar was further reduced, with rainfall amounts in the range 100-200 mm all over Myanmar except that the minimum of 50-100 mm was confined to a small region over west central parts. These distributions of monthly rainfall indicate an early onset of the SWM over southwest parts during later May, extending to the whole of Myanmar by June, fully established during July-August-September and early withdrawal over north and eastern parts during October. These rainfall distributions agree with the earlier studies of Htway and Matsumoto (2011) who reported a difference in the onset and withdrawal between the southern parts by 10 days (about 2 pentads).
| Distribution of monthly rainy days
The spatial distributions of monthly rainy days are shown in region having 10-15 rainy days. During July, the number of rainy days >25 extends to a larger region covering the whole of Myanmar, with minimum rainy days of 10-15 over central parts. During August, the spatial distribution of rainy days remained the same as in July. During September, the number of rainy days reduced all over Myanmar, the remaining the same over central parts but reducing to 15-20 over the central core region. During October, rainy days reduced to 10-15 over north and central parts but remained at 15-25 over south and western parts. Thus, the patterns of rainy days are noted to follow those of rainfall.
| Characteristics of rainfall
With a view to understanding the characteristics of rainfall, analysis of the frequencies of rainy days in the four ranges 1-19.99 mm, 20-49.99 mm, 50-99.99 mm and ≥ 100 mm were carried out for the SWM season as a whole and for each month (Figure 5) . The results clearly indicate that the frequencies within the rainfall range 0-19.99 mm are maximum with values exceeding 100 days all over Myanmar and coincide with the spatial distribution of rainfall. The maximum frequencies in the range 20-49.99 mm reduce considerably to 20-40 days and are confined to western and northern parts. The frequencies in the higher ranges of 50-99.99 mm and ≥ 100 mm are confined to narrow regions along the south and west and north parts only.
These patterns indicate that most of the rainfall occurs uniformly with higher frequencies coinciding with maximum rainfall regions. Few high intensity rainfall events occur along the southwest coastal and northern regions.
| Rainfall variations due to global warming
The differences of seasonal and monthly mean rainfall between the periods 1981-2010 and 1951-1980 were analysed with a view to assessing climate rainfall variations between the GW and PGW periods respectively. The for different rainfall thresholds of (a) 1-19.9 mm, (b) 20-59.9 mm, (c) 60-99.9 mm and (d) above 100 mm for the southwest monsoon season over Myanmar for the period 1951-2010 differences between seasonal mean rainfall and rainy days are presented in Figure 6 . It is observed that the seasonal rainfall decreased (~100 mm) all over Myanmar except for the south peninsula where a slight increase (~50 mm) was noted. Correspondingly the rainy days had decreased by about 10 days over central parts coinciding with the dry, arid region and by 5 days over central and north, whereas the decrease was minimum (~2 days) over the east central parts.
These differences indicate a decrease of rainfall and rainy days all over Myanmar and a larger reduction of rainfall over the central arid region. The differences in rainfall for each of the months of the SWM season are presented in Figure 7 . During May, a decrease of 20-50 mm over western parts and an increase of 20 mm over the east were observed. During June, the region of a decrease in rainfall extended eastwards to the whole of Myanmar, with maximum reduction (>50 mm) over western parts except for a small region of increase over northeastern parts. During July, rainfall decreased all over Myanmar with higher values over western parts (>50 mm) and a small increase (~20 mm) over the south peninsula. During August, the distribution was the same but the region of maximum reduction had widened over western parts while the increase continued over southern parts and the decrease started to become manifest over the northeast. During September, the magnitude of the decrease in the rainfall reduced over western parts to have values of 20-50 mm extending to the southern parts.
These features indicate that the decreased rainfall over Myanmar was due to the decrease of rainfall during July, August and September. In contrast, a slight increase of rainfall over eastern parts was due to the increase in May, June and October. Analysis of differences of SWM rainfall over Myanmar during the two contrasting PGW and GW periods was made using the global analysis datasets of the Climate Research Unit (CRU), the Global Precipitation Climatology Project (GPCP) and the GFDL-ESM 2G output; all three datasets clearly indicated a decrease of rainfall over Myanmar supporting the analysis of the APHRODITE rainfall data (Figure 8 ).
The differences in the rainy days between the GW and PGW for each of the 6 months of the SWM season are analysed and presented in Figure 9 . During May, a maximum decrease of~2-4 days was observed over western parts but was negligible over the east. The region of the maximum increased to cover the west and central parts with a maximum of >4 days and remained the same during June, July and August. In September, the region of the maximum number of rainy days remained the same as for June-July-August but the number had reduced to 2-4 as in May. During October, the region of maximum days (1-2 days) reduced over western parts and was confined to west coast parts. The pattern of decrease of rainfall and rainy days during the GW period over western parts indicates a significant F I G U R E 6 Differences (1981 Differences ( -2010 Differences ( minus 1951 Differences ( -1980 of southwest monsoon (a) rainfall and (b) rainy days (shaded region denotes the magnitude, contour lines denote the regions with value ≥1.65 significant at the 10% level) F I G U R E 7 Differences (1981 Differences ( -2010 Differences ( minus 1951 Differences ( -1980 of mean monthly rainfall for each month of the southwest monsoon impact on the rainfall over Myanmar in terms of reducing rainfall over the high rainfall west coast regions which may contribute to a reduction in agriculture production over Myanmar.
| Global model simulation of rainfall
Model simulated global rainfall using the GFDL-ESM 2G for the SWM months of May through October for the 60 year period from 1951 to 2010 were analysed to assess the model capability to produce the current climate rainfall distribution over Myanmar. Model simulated spatial distributions of SWM rainfall and the differences between the two 30 year periods 1951-1980 and 1981-2010 (mean for 1981-2010 minus mean for 1951-1980) were analysed. The results indicate that the model simulated spatial distribution of SWM seasonal rainfall agrees with that derived using APHRODITE rainfall data (not shown in the figure) and the differences between the PGW and GW periods indicate a reduction in rainfall all over Myanmar, with the maximum along the western parts, which agrees with the results obtained using APHRODITE data. This result indicates that the current global models have the capability to simulate the current climate and so would be useful to obtain future climate projections.
| Zonal wind distribution
With a view to identifying variations related to atmospheric circulation features over Myanmar, the zonal winds at 850 hPa and 100 hPa were analysed. Although the rainfall analysis was confined to the domain covering the Myanmar land region, wind analysis was performed for the larger domain 60-120 E, 10 S-40 N. The mean zonal wind at 850 hPa, computed for the period 1951-2010, is presented in Figure 10a . Zonal winds, characterized as monsoon westerlies, are noted over the southern parts of the Arabian Sea, the Bay of Bengal and the Indian subcontinent, with a maximum strength of 12 m/s over the south Arabian Sea extending over to the southern tip of the Indian subcontinent and Sri Lanka. The strength of the monsoon flow decreases towards the north. The wind is mostly westerly over south Myanmar and southwesterly over north Myanmar and the strength of the wind (8 m/s) is more over southern parts compared to northern parts (2 m/s). The mean wind at 100 hPa over the chosen domain depicts easterlies (westerlies) to the south (north) of about 25 N around the subtropical ridge (Figure 10b ). Myanmar, being located between 20 N and 30 N, shows easterlies south of the ridge line and northerlies associated with the anticyclonic winds over northern parts of Myanmar. The strength of the easterlies over south Myanmar varies between 20 and 30 m/s, whereas the wind speed reduces towards the north as the wind gains northward direction. The notable easterly jet stream is located over the southern tip of India extending down to the Equator with a magnitude exceeding 30 m/s. The zonal wind difference at 850 hPa between the two 30 year periods, computed as the mean for 1981-2010 minus the mean for 1951-1980, is presented in Figure 10c . Significant negative differences with a maximum of −1 m/s, meaning that the zonal F I G U R E 8 Differences (1981 Differences ( -2010 Differences ( minus 1951 Differences ( -1980 F I G U R E 9 The same as Figure 7 but for rainy days wind decreased during the later 30 year period , are noted over south Myanmar. Although the magnitude of 1 m/s seems to be small, it is significant compared to the strength of the mean zonal westerlies of 5 m/s over this region which means that the negative trend constitutes about a 20% decrease during 1981-2010. Although a similar significant negative difference with a magnitude of about 1.5 m/s is observed over south peninsular India and the adjacent Bay of Bengal, it may not be as significant as it is over Myanmar due to the proportionate component of only 10% over south peninsular India compared to 20% over south Myanmar.
Similar zonal wind differences at 100 hPa are presented in Figure 10d . Over Myanmar, significant positive differences with a magnitude of 3 m/s are noted over central and south Myanmar meaning that the easterly strength has decreased by about 3 m/s over the later 30 year period. This decrease amounts to 12%. Positive differences of 5 m/s were observed over south peninsular India, which is the easterly jet core region, and amount to about a 14% decrease in the easterly strength. Summarizing the differences for the zonal wind at the 850 hPa and 100 hPa levels, the decrease at the 850 hPa level is more effective, contributing to about a 20% decrease in the mean westerly strength compared to the significant weakening of the easterly jet stream by 12-14% at 100 hPa.
| Distribution of SST and winds over Bay of Bengal
The time series of the SST gradient between the two box regions, one over the south covering 0-5 N, 86-91 E and another over the north covering 14-19 N, 86-91 E, for the two 30 year periods 1951-1980 and 1981-2010 are presented in Figure 11a ,b. A significant decrease (−0.8 C per 100 years) in the north-south temperature gradient is observed in the recent three decades . Further, the time series of the mean zonal wind at 850 hPa averaged for the box region covering 0-5 N, 85-90 E and for the SWM season for the two 30 year periods are shown in Figure 11c ,d. The overall tendency of the zonal wind is slightly positive during the PGW period and significantly negative (−7.8 m/s per 100 years) in the GW period. The negative tendencies indicate that the strength of the SWM westerlies is weakening in the recent GW period. The observed decrease of the strength of the monsoon westerlies over the Indian subcontinent and Myanmar can be attributed to the decrease of the north-south SST gradient as per the results of Chung and Ramanathan (2006) and Naidu et al. (2009) . This decrease of the strength of the monsoon westerlies is hypothesized to contribute to the decrease of rainfall over southern and western parts of Myanmar. This result agrees with the supposition by Ratna et al. (2016) that the modulation of Western Pacific-Indian Ocean Walker circulation contributes to a reduction of monsoon westerlies and moisture convergence over India and its neighbourhood leading to reduced SWM rainfall.
| CONCLUSIONS
This study assumes importance due to its peripheral location within the southwest monsoon (SWM) circulation and also for Myanmar's predominately rainfall-dependent agricultural production. The present study shows that the SWM rainfall over major parts of Myanmar had decreased but with an increase in extreme rainfall frequency during the three recent decades of the global warming era. This decrease is associated with a weakening of the SWM westerlies in the lower troposphere and the easterly jet stream in the upper troposphere which are resulting from a reduction of the northsouth sea surface temperature gradient.
• The decrease of rainfall corresponding to the global warming period starts during May over western parts and extends to the whole of Myanmar in June-July-August, receding to western parts in September-October. Rainfall was noted to increase over northeastern parts during May and also during September and October. The decrease in SWM seasonal rainfall was due to a decrease during July, August and September. • The decrease of rainy days higher than 5 days was mostly confined to western parts during each month of the SWM , thus contributing to the reduction of seasonal rainfall over western parts. The decrease was maximum (~15 days) over west central arid parts of Myanmar. • The decrease of SWM rainfall over southwest Myanmar was found to be due to a decrease of the strength of monsoon westerlies in the present global warming period, which is in association with a decrease of the meridional sea surface temperature gradient over the Bay of Bengal.
• Geophysical Fluid Dynamics Laboratory Earth System
Model simulations of the current climate period show differences in the SWM seasonal rainfall patterns similar to those obtained in the present study using APHRODITE gridded daily rainfall data. This result indicates the usefulness of future climate projections of global models that would help assess the impacts of continued global warming trends on global precipitation.
The present study brings out the variations in the spatial distribution of SWM rainfall over Myanmar. The results denote two rainfall zones, one over the southwest and the other over the northeast, that are dependent on the number of rainy days due to the difference in onset and withdrawal by 10 days. An arid region with minimum rainfall was found over west central parts, which is due to lesser rainfall on the leeward side of western orography. Higher rainfall over southwest coast regions was related to the windward side of the monsoon westerlies. The higher decreasing trends in rainfall as well as the weakening of the SWM circulation during 1981-2010 compared to 1951-1980 could be attributed to global warming. The results of this study have profound significance and importance as the decreasing rainfall over the region of higher SWM rainfall will reduce agricultural productivity, which affects the economy of Myanmar. As the southwest coastal region of Myanmar is the habitat of a majority of the population, a reduction of SWM rainfall will adversely affect water resources (FAO water report, 2008) .
